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Abstract We evaluated the morphological features of the
newly formed tissue in an experimental model of tibial
callotasis lengthening on 24 lambs, aged from 2 to
3 months at the time of operation. A unilateral external
ﬁxator prototype Monotube Triax
 (Stryker Howmedica
Osteonics, New Jersey) was applied to the left tibia. A
percutaneous osteotomy was performed in a minimally
traumatic manner using a chisel. Lengthening was started
7 days after surgery and was continued to 30 mm. The 24
animals were randomly divided into three groups of 8
animals each: in Group 1, lengthening took place at a rate
of 1 mm/day for 30 days; in Group 2, at a rate of 2 mm/day
for 15 days; in Group 3, at a rate of 3 mm/day for 10 days.
In each group, 4 animals were killed 2 weeks after end of
lengthening, and the other 4 animals at 4 weeks after end
of lengthening. To assess bony formation in the distraction
area, radiographs were taken every 2 weeks from the day
of surgery. To study the process of vascularization, we
used Spalteholz’s technique. After killing, the tibia of each
animal was harvested, and sections were stained with
hematoxylin and eosin, Masson’s trichrome, and Safranin-O.
Immunohistochemistry was performed, using speciﬁc
antibodies to detect collagens I and II, S100 protein, and
ﬁbronectin. A combination of intramembranous and
endochondral ossiﬁcation occurred together at the site of
distraction. Our study provides a detailed structural char-
acterization of the newly formed tissue in an experimental
model of tibial lengthening in sheep and may be useful for
further investigations on callotasis.
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Introduction
Bone lengthening through callus distraction (callotasis) has
widespread clinical application in the management of many
orthopedic conditions [1–7]. While many of the technical
difﬁculties have been addressed [8–10], the precise
mechanism through which the formation of new bone
occurs during callotasis is still debated [11–17], and a lack
of consistency in the published literature remains on the
histological ﬁndings at the site of formation of new bone
[18–21]. Both endosteal and periosteal bone formation
have been proposed to occur during distraction [22–25].
Endochondral ossiﬁcation from the central ﬁbrous tissue
has been shown in the distraction gap in experimental
models of distraction osteogenesis in rabbits [24, 26]. On
the other hand, intramembranous ossiﬁcation has been
proposed to result when a low distraction rate under stable
external ﬁxation is applied [22, 23, 27–30]. A combination
of both intramembranous and endochondral ossiﬁcation
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experimental investigations [31–34].
Mechanical and biological variables inﬂuence the
lengthening processes, and many are not fully understood
[35–40]. Moreover, the role played by vessels in the
lengthened callus, the inﬂuence of the rigidity or dynami-
zation of the ﬁxator, and the forces which are transmitted
through the external ﬁxator during lengthening are still
debated [12–16]. The effects of lengthening on the soft
tissues and the articular and physeal cartilage likewise
remain to be established, from both a clinical and an
experimental point of view [38, 41].
Evaluation of the structural responses to osteotomy and
subsequent distraction should help to understand the bio-
logicalmechanismofdistractionosteogenesis.Wetherefore
undertook a study of tibial lengthening in sheep to evaluate
(a) the type of ossiﬁcation (intramembranous or endochon-
dral)occurringatthesiteofcallusdistraction, (b)thepattern
of vascularization of the regenerate bone during distraction
osteogenesis, and (c) the immunohistochemical distribution
of collagens type I and II, S-100 protein, and ﬁbronectin.
Materials and method
We performed callotasis lengthening of the left tibia in 24
lambs aged from 2 to 3 months with an average weight of
18 kg at the time of operation. The study was approved by
the Ethics Committee for Animal Research. Animal care
was in accordance with our institutions Animal Laboratory
Committee Guidelines and under the supervision of a
veterinarian team.
Limb lengthening protocol
Intravenous atropine, tiobarbital, and fentanyl were given
at induction at a dosage of 0.5, 12, and 0.0015 mg/kg,
respectively. General anesthesia consisted of intravenous
tiobarbital (10 mg/kg) and fentanyl (0.0015 mg/kg).
We used the technique described by Noonan et al. [4]. A
unilateral external ﬁxator Monotube Triax
 (Stryker
Howmedica Osteonics, New Jersey), especially designed
for work with lambs (Jacquet Orthopedie, Stryker Trauma,
Geneva), was ﬁtted to the left tibia. This modiﬁed unilat-
eral external ﬁxator has four pins, two proximal and two
distal in each of its pin holding clamps. A transverse per-
cutaneous osteotomy of the midshaft of the tibia was per-
formed in a minimally traumatic manner using a chisel [4].
After 7 days surgery, lengthening was started and lasted
until each operated limb was lengthened by 30 mm. The 24
animals were randomly divided into three groups of 8
animals each according to the distraction rates in the fol-
lowing manner:
Group 1: a rate of 1 mm/day for 30 days,
Group 2: a rate of 2 mm/day for 15 days,
Group 3: a rate of 3 mm/day for 10 days.
Distraction was performed once a day. In each group, four
animals were killed at 2 weeks after the end of lengthen-
ing, and the other four were killed at 4 weeks after the end
of lengthening.
Spalteholz’s technique
To study the vascularization during distraction osteogene-
sis, we used Spaltefolz’s technique [42, 43]. In brief, Berlin
blue solution was injected through the femoral artery
before killing. The animals were killed with an overdose of
pentobarbital administered intravenously (150 mg/Kg of
body weight), and the operated tibia was excised in its
entirety for analysis.
Radiographic study
To assess bony formation in the distraction area, radio-
graphs were taken every 2 weeks from the day of surgery.
Histological studies
The harvested tibia was placed in 10% buffered formal-
dehyde. Using an oscillating saw, we cut the tibia longi-
tudinally. The specimens were decalciﬁed in EDTA for
2–3 weeks. After decalciﬁcation was conﬁrmed radio-
graphically, we proceeded to place them in parafﬁn and
section them with a microtome into 4-lm thick sections.
The sites for histological evaluation were the proximal end
of the regenerate (Level 1), the central area of the regen-
erate (Level 2), and the distal end of the regenerate (Level
3). Sections were stained with hematoxylin and eosin
(H.E.), Masson’s trichrome and Safranin-O and analyzed
with a microscope with an image analysis system (Leica Q
500 MC, Cambridge, UK).
Immunohistochemical studies
Speciﬁc antibodies were used for immunohistochemical
analysis. Deparafﬁnized sections were enzymatically pre-
treated, incubated with primary antibodies [anti-type I
collagen (Biogenesis, 1/20), anti-type II collagen (Bio-
genesis, 1/20), anti-S100 protein (Sigma, 1/500), and
anti-ﬁbronectin (Sigma, 1/500)] overnight at 4C, and
visualized using the avidin–biotin complex techniques.
These antibodies show no cross-reactivity with any other
targets. Nuclei were counterstained with hematoxylin, and
the color reaction was produced with 0.03% 3.3-diamino-
benzidine tetrachloride. As a negative control for immu-
nohistochemical staining, the primary antibody was
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saline (pH 7.36).
Results
All 24 lambs survived and showed good tolerance to the
lengthening regimens used. The lambs experienced no
postoperative complications and used the operated leg
normally at daily exercise.
Radiological evaluation
Bone formation within the gradually widened gap was seen
on the plain radiographs. During distraction, calciﬁcation
started from both bone ends and progressed toward the
central hypodense zone. The regenerate zone had a striated
appearance. The hypodense interzone persisted for the
whole duration of distraction and gradually diminished
during consolidation phase. Bony fusion was observed
4 weeks after the end of distraction (Fig. 1).
Evaluation of vascularization (Spalteholz’s technique)
The features of vascularization of the regenerate during
distraction osteogenesis are shown in Fig. 2a, b. Prompt
restoration of the continuity of the medullary artery was
seen despite complete transverse osteotomy, and arterial
branches from the medullary artery progressed into the
regenerate (Fig. 2a). The vascular anastomoses between
periosteal and endomedullary vessels, which penetrated
the intracortical gap, were demonstrated by Spalteholz’s
Fig. 1 Radiographic monitoring of the regenerate. The width of
hypodense zone is constant. The regenerate has a striated appearance
Fig. 2 Vascularization by Spalteholz’s technique. Early repair of
medullary artery after transverse osteotomy (a). Vascular anastomo-
ses between periosteal and medullary vessels, which, penetrating the
cortical bone, provide vascularisation to the regenerate (b)
Fig. 3 Macroscopic appearance of the regenerate. The thickness of the ﬁbrous tissue, formed between both ends of distracted bone fragments,
was different according to the rates of distraction: a 1 mm/day; b 2 mm/day; c 3 mm/day
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123technique. The penetrating artery also provided branches
toward the regenerate (Fig. 2b).
Histological evaluation
At macroscopic evaluation of longitudinal sections, the thick-
ness of the ﬁbrous tissue, formed between both ends of dis-
tracted bone fragments, was different according to the rates of
distraction (rate of 1 mm/day, for 30 days, Fig. 3a), (rate of
2 mm/day, for 15 days, Fig. 3b), (rate of 3 mm/day, for
10 days,Fig. 3c).Theintramedullaryspaceofthemostrapidly
distracted group was ﬁlled with thick ﬁbrous tissue (Fig. 3c).
Two weeks after the end of distraction, in all groups, the
sections of three levels from the regenerate zone showed
both intramembranous ossiﬁcation (Fig. 4a, b) and endo-
chondral ossiﬁcation (Fig. 5). At the proximal and distal
ends of the ﬁbrous tissue, chondrocytes became hypertro-
phic, and new bone trabeculae were formed through
endochondral ossiﬁcation. The cartilage tissue consisted of
hypertrophic chondrocytes invaded by neovessels, and
mesenchymal cells, abundant ﬁbrous tissue and new bone
gradually replaced the surface of the eroded cartilage
(Fig. 6, 7). The ﬁbrous tissue showed abundant vessels and
mesenchymal cells in both forms of ossiﬁcation (Fig. 8a).
In the process of endochondral ossiﬁcation, even small
amounts of cartilage bands and islands within the ﬁbrous
tissue were clearly demonstrated (Fig. 8b).
Four weeks after the end of distraction, in all groups, the
sections from the regenerate showed a large amount of
newly formed bone trabeculae through both intramembra-
nous and endochondral ossiﬁcation (Fig. 9). Cartilaginous
remnants were clearly shown within the newly formed
bone trabeculae (Fig. 10, 11), and some hypertrophic
chondrocytes were also seen within the trabeculae in this
phase. Avascular cartilage tissue was irregularly invaded
by vessels and mesenchymal cells, and then replaced by
newly formed bone. The appearance of new bone trabecu-
lae, surrounded by vessels with abundant ﬁbrous tissue and
absorbed by numerous osteoclasts, indicated the process of
bone remodeling (Fig. 11).
Morphometrical analysis showed that the proportion of
cartilage tissue at level 2 was signiﬁcantly larger than that
at level 1 and level 3 (P\0.005), both at 2 and 4 weeks
after the end of distraction. The proportion of cartilage
tissue within the regenerate was signiﬁcantly decreased at
4 weeks after the end of distraction compared with that of
2 weeks after the end of distraction (P\0.01) (Data not
shown).
Fig. 4 a and b Microphotograph of intramembranous ossiﬁcation.
Osteoblasts on the surface of newly formed bone trabeculae
surrounded by ﬁbrous tissue from which the osteoblasts differentiated
(Masson trichrome, 9100)
Fig. 5 Microphotograph of endochondral ossiﬁcation. Bone trabec-
ulae were formed by endochondral ossiﬁcation (Masson trichrome,
9100)
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At immunohistochemistry, we detected the location of type
I and II collagen, S-100 protein, and ﬁbronectin. Staining
against type I collagen, the immunoreactive area (IR) was
seen on the periphery of new bone trabeculae at all levels
(Fig. 12). An IR in the ﬁbrous tissue was seen at all levels
in group 2, indicating osteogenesis. Staining against type II
collagen, IR was broadly seen not only in cartilage tissue
but also in cartilage remnants within the new bone tra-
beculae, especially in the animals in group 2. Band-like
arrangement of matrices-rich hypertrophic chondrocytes,
scattered in the ﬁbrous tissue, were also positive for
anti-type II collagen antibody (Fig. 13). The staining fea-
tures against S-100 protein and ﬁbronectin were similar, as
these two proteins are both involved in endochondral bone
formation. IRs against ﬁbronectin and S-100 protein were
observed in the cartilage tissue, the central region of the
newly formed bone trabeculae, and some of chondrocytes
within the bone trabeculae. Some cells, which were seen in
the ﬁbrous tissue in scattered form, also showed IR against
ﬁbronectin and S-100 protein, especially in the area close
to the cartilage/bone transitional regions (Fig. 14).
Discussion
We evaluated the morphological features of the newly
formed tissue in an experimental model of tibial length-
ening in sheep. A combination of intramembranous and
endochondral ossiﬁcation occurs simultaneously at the site
of distraction.
For logistic and practical reasons, we performed the daily
lengtheninginanon-fractionatedmanner.Weareawarethat
quasi-continuous lengthening produces better bone forma-
tion, and that, in humans, lengthening seems to be optimal
when undertaken four times a day (for example, 1 mm of
Fig. 6–7 Vascular invasion
into cartilage lacunae. Fibrous
tissue, with abundant
mesenchymal cells and vessels,
irregularly invaded the
avascular cartilage area and
formed bone (Masson
trichrome, 9100)
Fig. 8 Cartilage bands (a) and islands (b) within the ﬁbrous tissue
were clearly demonstrated by Safranin-O (Safranin-O, 940)
Fig. 9 Four weeks after 4 the end of distraction, all groups showed a
large amount of newly formed bone trabeculae through both
intramembranous and endochondral ossiﬁcation (Masson trichrome,
940)
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mm lengthening four times a day) [11–13]. However, our
lengthening regimen was the same for all our animals, and
theresultsobtainedwereconsistentinallthesheepwithinthe
same lengthening group. Therefore, we believe that our
results are scientiﬁcally valid and clinically relevant.
Concerns remain on the type of ossiﬁcation occurring
during callotasis. Previous reports on distraction
osteogenesis at low rates of distraction (0.5–1.0 mm/day)
in humans, dogs and sheep showed that the regenerate
formed by intramembranous ossiﬁcation [22, 23, 27–29],
as also conﬁrmed by biochemical analysis [28, 30]. How-
ever, in a rabbit model of leg lengthening, consecutive
cartilage formation from the central ﬁbrous tissue of the
distraction regenerate was observed [24]. Later, a combi-
nation of intramembranous and endochondral ossiﬁcation
was demonstrated to occur simultaneously within the
regenerate in dog and sheep [31–33, 44, 45]. With the
‘‘tension-stress effect’’ during distraction osteogenesis,
Ilizarov found only intramembranous ossiﬁcation and sta-
ted that islands of cartilage within the distraction callus
were induced by mechanical instability of the distraction
device with its resultant abnormal shear and bending forces
[22, 23]. Paley et al. [46] also described that the regenerate
always formed by intramembranous ossiﬁcation and that
endochondral ossiﬁcation had been observed only when
vascular injury had occurred under unstable ﬁxation or
rapid distraction. A local disturbance of the blood supply,
resulting from ruptured blood vessels caused by extensive
distraction, could also account for the appearance of car-
tilaginous islands [47]. Thus, factors such as the stability of
the distraction devices, timing and rate of distraction, and
species-related difference have been considered to
Fig. 10–11 Cartilaginous
remnants were clearly shown
within the newly formed bone
trabeculae (Masson trichrome,
940)
Fig. 12 Staining against type I collagen: an immunoreactive area was
seen on the periphery of new bone trabeculae at all levels (anti-type I
collagen antibody, 940)
Fig. 13 Band-like arrangement of matrices-rich hypertrophic chon-
drocytes, scattered in the ﬁbrous tissue, was also positive for anti-type
II collagen antibody anti-type II collagen antibody, 940)
Fig. 14 Fibronectin-expressing cells, in the ﬁbrous tissue, produced
chondroid bone (anti-ﬁbronectin antibody, 940)
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endochondoral ossiﬁcation [44, 48, 49]. Kusec et al. [48]
reported a satisfactory and similar result in radiographical
and histomorphometrical methods with the circular and
unilateral ﬁxators.
On the other hand, Fink et al. [44] denied the ‘‘tension-
stress effect’’, showing numerous cartilage islands within
all specimens in a canine model of distraction osteogenesis.
In the current study, we observed moderate amount of
cartilage tissue in all of specimens despite different rates
for distraction. In addition to intramembranous ossiﬁcation,
gradual ossiﬁcation at the surface of eroded cartilage was
obviously seen. Some cartilage islands were divided into
small ones by invading newly formed bone with abundant
vessels.
Studying endochondral bone development of long bone
in rabbits, intramembranous bone was formed by the inner
layers of the periosteum, and vessels from the periosteum
gradually invaded the hypertrophic chondrocytes region to
begin formation of endochondral bone [27]. The intra-
membranous bone formation was always in advance of the
endochondral bone formation both temporary and spatially
[27]. Histomorphometrical analysis showed, however, that
the proportion of cartilage tissue was signiﬁcantly
decreased 4 weeks after end of distraction compared with
that 2 weeks after end of distraction [34].
The cascade of endochondral bone development in
association with the role of ﬁbronectin has been described.
During mesenchymal cell proliferation, ﬁbronectin is
present in a cottony array. During chondrogenesis, it is
associated with the pericellular zone of chondrocytes.
During chondrolysis, loss of proteoglycans unmasks the
ﬁbronectin in the hypertrophic cartilage matrix. This
‘‘exposed’’ ﬁbronectin may then serve as nidus for osteo-
progenitor cell attachment and differentiation into osteo-
blast [46]. In the present study, we observed ﬁbronectin in
the cartilage tissue, the central region of the newly formed
bone trabeculae, and some of the cells within the bone
trabeculae. These ﬁndings also indicate that new bone
trabeculae were formed through endochondral ossiﬁcation
in addition to intramembranous ossiﬁcation. These ﬁndings
may indicate the presence of ‘‘chondroid bone’’ [34],
though transition from ﬁbrous tissue to bone seemed not to
be consecutive.
We showed vascular anastomoses between periosteal
and endomedullary vessels, which penetrated the intra-
cortical gaps. Some authors have shown that endochondral
ossiﬁcation remained mostly as cartilaginous collar adja-
cent to cortices and periosteal tissue, and much lesser
amounts of cartilage could be observed as interface
between the distracted fragments [48, 49]. In the present
study, small variable amounts of cartilage were seen in the
intramedullary gap, although intramembranous ossiﬁcation
was predominant at intracortical gaps, as has been descri-
bed earlier. Recent experiments have shown that complete
transverse osteotomies function well despite the temporary
interruption of the medullary circulation [24, 45]. These
ﬁndings were also demonstrated by the early restoration of
the medullary artery during distraction.
An alternative explanation for the presence of chon-
drocyte-like cells suggests that chondroblasts and osteo-
blasts originate from a common pool of mesenchymal cells
[48, 49]. It is not possible to state which is more likely
between the invasion of the chondrocyte lacunae by
osteoblast progenitor cells and vessels in ﬁbrous tissue and
direct transformation of hypertrophic chondrocytes into
osteoblasts.
In conclusion, we found that progressive bone length-
ening produces both intramembranous and endochondral
ossiﬁcation. Additional biomechanical and clinical inves-
tigations are needed to improve our understanding of the
physiology of callostasis.
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